Background. In spite of extensive regulation to limit exposure, nickel remains the main cause of contact allergy in the general population. More detailed knowledge on the skin uptake of haptens is required. So far, no method exists for the visualization of this clinically relevant hapten and its distribution in the skin. Objectives. To show, in terms of a proof of concept, that imaging mass spectrometry [time of flight secondary ion mass spectrometry (ToF-SIMS)] can be applied for investigation of the penetration and distribution of nickel in human skin. Method. Full-thickness human skin obtained from breast reduction surgery was exposed to nickel sulfate (5% in deionized water) for 24 h in Franz-type diffusion cells. Biopsies were obtained from nickel-treated samples and control (deionized water). The tissue was sliced, and analysed with ToF-SIMS, generating high-resolution images of ion distribution in the epidermis and upper dermis. Results. The skin layers could be discerned from the ToF-SIMS data, particularly on the basis of the collagen signal. Nickel ions were localized to the stratum corneum and upper epidermis. Conclusions. This is the first time that ToF-SIMS has been applied to trace the distribution of a hapten in human skin. Proof of principle was shown for nickel, and the technique can, in the future, be expanded for investigation of the skin distribution of clinically relevant sensitizers in general.
finding that objects governed by the nickel restriction often still release nickel (7) . Up to 54% of studied everyday items not yet considered in the nickel restriction have been shown to release nickel, and 21% of studied accessories and jewellery were found to release nickel. Thus, exposure to nickel in the general population is still important.
For a hapten to be able to initiate an immunological type IV reaction, it has to penetrate through the stratum corneum to the epidermis (8) . Therefore, efforts have been undertaken to investigate the penetration and distribution of haptens through the skin (9) (10) (11) (12) . However, these methods do not give detailed information at a cellular or subcellular level. Recently, by the use of visualization techniques such as multiphoton microscopy, three-dimensional (3D) information about the localization of reactive compounds in human skin samples has been obtained (13, 14) . As only fluorescent compounds can be investigated with this technique, clinically relevant haptens could not be studied. Skin penetration of nickel has previously been studied ex vivo by the use of tape stripping combined with adsorption differential pulse voltammetry (15) , and scanning electron microscopy (16) , but with inconclusive results. Therefore, there is a need for complementary techniques to enable the visualization of clinically relevant haptens and their distribution in the epidermis, in order to elucidate the underlying mechanisms involved in contact allergy.
A candidate to fill this need is time of flight secondary ion mass spectrometry (ToF-SIMS), a technique in which chemical images of tissues and cells can be obtained by probing the sample surface with a laser or an ion beam. ToF-SIMS is a well-established mass spectrometric technique, and is suitable for the direct identification of elements and the simultaneous acquisition of chemical information from organic molecules at sub-micrometre lateral resolution (17) . A great advantage of imaging mass spectrometry is that substances in tissue and cells can be studied without the use of target-specific markers such as antibodies or probes. The technology has found applications in diverse fields such as neurochemistry, pharmacology, oncology, and pathology (18) . Modern mass spectrometers are highly specific, sensitive, and fast, which allows direct imaging of molecules such as drugs, metabolites and endogenous biomolecules in cells and tissues (19) . The combination of molecular specificity and spatial analysis means that the technology could be considered as a chemical microscope for direct molecular characterization and quantification in tissue. Imaging mass spectrometry can also detect phenotypic changes that can give new insights into the molecular biology of diseases and their treatments. Secondary ion mass spectrometry technology is expected to offer a great advantage in terms of penetration studies, in that it allows the collection of information from elements, such as nickel, copper, and aluminium, at the same time as molecular information from lipids, such as cholesterol and vitamin D (20) . ToF-SIMS has been used to study transepidermal drug delivery and skin penetration of antiseptic formulations by the use of skin from pigs and mice ex vivo, and this has shown that ToF-SIMS has great promise for the study of skin penetration (21) (22) (23) . However, ToF-SIMS has, to our knowledge, never been used for study of the distribution of sensitizers in human skin.
The aim of the present study was to explore the potential of ToF-SIMS imaging as a tool for investigating the penetration and distribution of Ni 2+ in human skin ex vivo. Metal haptens, such as Ni 2+ , do not form covalent bonds with proteins, but instead form coordination complexes (24) . This means that detection of metal ion haptens in skin with mass spectrometry imaging (MSI) should be feasible.
Materials and Methods

Chemicals
Nickel(II) sulfate hexahydrate (Sigma Aldrich, St Louis, MO, USA) was dissolved in deionized water to a concentration of 5% wt/vol (i.e. 5 mg/ml), corresponding to 0.17 M. The concentration was chosen on the basis of the concentration used in patch testing for contact allergy to nickel, which is known to elicit allergic contact dermatitis in sensitized patients.
Skin exposure
Full-thickness human skin was obtained as left-overs from breast reduction surgery at the Department of Plastic Surgery, Sahlgrenska University Hospital. The tissue was made anonymous upon collection in agreement with routines approved by the local ethics committee. The skin tissue was trimmed from subcutaneous fat, cut into 2 × 2-cm pieces, mounted on cork sheets, wrapped in aluminium foil, and kept at −20 ∘ C until use within 3 months from surgery. Skin samples from one donor were thawed at room temperature for 30 min prior to experiments. Diffusion cell experiments were performed according to Organization of Economic Co-operation and Development guidelines (25) . The full-thickness skin was mounted in vertical (Franz-type) skin diffusion cells (Laboratory Glass Apparatus, Berkley, CA, USA), with an exposed surface area of 1 cm 2 . Four diffusion cells were prepared. The receptor compartments were filled with deionized water. The use of phosphate-buffered saline was avoided, in order to reduce the potential of contamination resulting from the introduction of additional counter-ions to the sample. Aliquots of 1 ml of the nickel sulfate solution (5 mg/ml) were added to the donor compartments of two diffusion cells, whereas two cells were exposed to deionized water, and served as controls. The exposure time was 24 h, and diffusion cells were kept at 32 ∘ C. On removal, skin samples were gently rinsed with distilled water.
Tissue preparation for ToF-SIMS
A punch biopsy (diameter of 8 mm) was taken at the centre of the exposure area, and the samples were frozen in liquid nitrogen. Four vertical slices from each sample were made, while still frozen, in the middle of the biopsy, totalling 16 slices. No fixation was used, to avoid contamination. The slicing was performed at Histocenter (Gothenburg, Sweden).
Time of flight secondary ion mass spectrometry
ToF-SIMS imaging was performed with a TOF.SIMS V (ION-TOF, Münster, Germany), with a bismuth liquid metal ion gun as a primary ion source and a C 60 10-keV ion source as a sputter source. Data were recorded in positive and negative ion modes, and spectra were acquired by the use of Bi 3+ (25 keV) primary ions. High-mass resolution images from the skin grafts were obtained in the so-called high-current bunched mode, with a pulsed primary ion current of 0.34 pA and a maximum ion dose density of 3 × 10 11 ions/cm 2 , that is, below the static limit. SURFACELAB 6 software (v. 6.6; ION-TOF) was used for all spectrum and image recording, processing, image analysis, and 3D image analysis. The mass spectra were internally calibrated to signals of + ions. The total C 60 dose in the experiment was 2 × 10 14 ions/cm 2 , which corresponds to an approximate depth of 400 nm in the graft if compared with a depth profile of a standardized organic material with the same ion dose (26) . In total, three different areas from control and nickel sulfate-exposed samples were analysed, respectively. The red/green/blue (RGB) colour overlays are represented in a linear relationship ranging from a signal intensity of zero as black to 100% colour for the maximum ion count for that respective ion. Figure 1 shows the macro images of the areas selected for ToF-SIMS analysis, and acquired ion images from control skin (Fig. 1a-c) and nickel sulfate-exposed skin (Fig. 1d-f ). The total ion image (Fig. 1b, e) shows a high but uneven signal distribution from the ions emerging from the skin sample. The distribution of Ni + in the samples can be seen in Fig. 1c, f , where the highest intensity of Ni + can be seen to be attributable to the stratum corneum in the nickel sulfate-treated sample. The Ni + signal is shown here as normalized to the total ion signal, to avoid topographic effects caused by sample roughness.
Results
A 3D ToF-SIMS analysis of the tissue section was also performed. The 3D imaging data from nickel sulfate-exposed tissue was based on 105 layers of imaging data, where layers of the grafts were sequentially removed by C 60 +++ sputtering, creating a 3D volume of ion images. Note that this analysis generates a visualizion of the distribution of detected ions as a function of depth into the sample, which should be distinguished from the penetration depth illustrated. For clarification, the direction of penetration depth is indicated by arrows in Figs. 1c, f and 2a. Figure 2a shows the accumulated 3D ion data from the nickel sulfate-treated sample as a RGB overlay image. The Ni + signal can be seen in red, with the signal from the phosphatidylcholine (PC) headgroup [C 5 H 15 PNP 4 ] + , a fragment of all major PCs in cell membranes, in blue, and the cholesterol ion signal from the major cholesterol fragment [C 27 H 45 ] + in green. The dotted square in Fig. 2a indicates the region of interest selected for 3D profiling, as presented in Fig. 2b-f) , where ion signals of collagen, lipids and Ni + are shown as projected slices. Figure 2b shows the distribution of collagen, clearly indicating that the stratum corneum is devoid of collagen, as can be seen in the right part of the image, corresponding to a skin depth of ∼50 m. Figure 2c shows the distribution of the PC headgroup [C 5 H 15 PNP 4 ] + , which appears to be localized to the sample surface, in contrast to the cholesterol fragment [C 27 H 45 ] + ion signal, which shows a relatively even distribution through the sample depth. The Ni + distribution (average filtered) can be seen in Fig. 2e , which clearly shows the abundance of Ni + in the stratum corneum. Figure 2f shows, finally, an RGB (Ni + /cholesterol/PC headgroup) overlay, in which the Ni + distribution can be seen as red dots localized to the stratum corneum. The restriction of the Ni + signal to the stratum corneum was further confirmed by the linescans of the image data shown in Fig. 3 . As shown by the image, signal above noise level was only observed at shallow depths.
The demonstrated possibility of visualizing the combination of endogenous species and the hapten, Ni + in this case, serves as a powerful tool for showing the localization of clinically relevant haptens in the skin. As shown in Fig. 2 , cholesterol and PC corresponding to cell membrane markers are clearly visible in the sample, and also in the border between the epidermis and the dermis. In the comparative analysis between several areas from control and nickel sulfate-exposed tissue samples, some additional interesting differences could be seen. . (c, f) The distribution of Ni + in the samples; the highest intensity of Ni + can be seen to be attributable to the stratum corneum (SC) in the nickel sulfate-treated sample. The nickel ions can be seen as medium-intensity areas (indicated by arrows) in the SC. Almost no signal from Ni + can be seen in the control. The Ni + signal is shown here as normalized to the total ion signal. All ion images are at a field of view of 500 × 500 m and shown in a linear colour scale ranging from black to white, via green, yellow, and red, as illustrated in the colour scale bar.
comparison with the control samples, it was found that m/z 725.6 [PC32:0 + Na] + was expressed at a threefold to fourfold lower level in the nickel sulfate-exposed tissue, as can be seen in Figure S1a . More studies are needed to explore and fully identify the possible effects on lipids of nickel sulfate exposure.
The Ni + peak could be easily identified in the nickel sulfate-treated skin sample ( Figure S2) , with almost no Ni + being detectable in the control (Figures S3 and S4) . Thus, the simultaneous imaging of the distributions of the hapten, lipids and collagen in human skin appears to be very promising for future studies.
Discussion
In order to produce a type IV reaction, a hapten is believed to penetrate the skin barrier, through the stratum corneum to the epidermis, and react with skin proteins to form an antigen that can be discovered by dendritic cells. Many parts of this process have been thoroughly studied. However, the initial part of the process, that is, penetration of compounds through the stratum corneum, has been difficult to study, owing to a lack of adequate and powerful methods. The process of penetration through the skin and its importance for the development of contact allergy were shown some time ago (10) . Later, methods for studying skin exposure on the surface of the skin or in the upper layers of the stratum corneum were developed. The main methods used are tape stripping and acid wipe sampling (11, 12) , with the main advantages that these methods are non-invasive and can be used on workers in workplace investigations. However, none of these methods gives detailed information on the degree of skin penetration into viable tissue of the exposure dose, or about the distribution of the compound in the skin layers. Previously, skin uptake of Ni 2+ has been studied in biopsies from positive patch test reactions to nickel in sensitized individuals by the use of The 2D ion image (a) is at a field of view of 500 × 500 m; the 3D constructs show a depth of 500 m into the skin and a depth of ∼400 nm down into the sample. The 3D constructs are shown in a linear colour scale ranging from black to white, via green, yellow, and red, as illustrated in the colour scale bar. The cell membrane markers cholesterol and PC are clearly visible in the sample (c, d), as is the border between the epidermis and the dermis (b). Thus, the Ni + signal is situated in the stratum corneum. scanning electron microscopy (SEM) (16) . This method is only suitable for metals, and cannot be used for most clinically relevant sensitizers. Although this method gives some information on the distribution of the hapten between the different layers of the skin, this cannot be compared to the level of detail and sensitivity that MSI techniques provides (27) .
Here, we provide a proof of principle that ToF-SIMS can be applied as a tool to acquire high-resolution image data of ion distribution in the different layers of the skin. The interface between the epidermis and the dermis was clearly visible in the images of the ion signal corresponding to collagen. The nickel ions were primarily found to localize to the stratum corneum, which is in agreement with previous studies using other techniques (15, 16) . In the SEM study by Kalimo et al. (16) , approximately the same dose of nickel was used as in the present experiment; however, the vehicle used was petrolatum. As the studied biopsies were taken from positive patch test reactions to nickel sulfate or nickel chloride, penetration of Ni 2+ was presumed to have occurred. Kalimo et al. also found Ni 2+ to be located in the stratum corneum or, in some cases, to have penetrated further down via sweat ducts or hair follicles. The results are also in concordance with previous results obtained with fluorescent model haptens, in which the hapten was found to be located almost entirely in the stratum corneum, and further penetration via the hair follicles was seen (13, 14) . Increased penetration via the shunt pathways, that is, hair follicles, was observed in the presence of phthalates (14) .
As shown in Fig. 3 , there is a rapid decrease in the number of nickel ions with skin depth. These results are very similar to those obtained by Hostynek et al., using tape stripping to quantify Ni 2+ in the stratum corneum in healthy participants (28) . A number of nickel salts were investigated, applied in different doses and at different skin sites. Nickel sulfate was chosen because it is used for patch testing in the Swedish baseline series; however, the results of Hostynek et al. indicate that different counter-ions can affect the penetration and distribution of Ni 2+ in the tissue. This is a topic for further studies.
Other previous studies of skin penetration of chemicals have not had access to human skin ex vivo, but have used mouse or pig ear skin (21) (22) (23) . The present study is thus the first to investigate skin penetration in human skin. Of the compounds previously studied, chlorhexidine and lidocaine are known skin sensitizers (21, 23) . However, all studied compounds, including drugs intended for oral administration, were observed to be localized to the stratum corneum with ToF-SIMS analysis (21) (22) (23) . There are studies indicating that metal ions such as Ni 2+ are rapidly bound to human serum albumin (HSA) upon reaching the epidermis (29) . Moreover, HSA has been detected in wash fluid from the skin surface, indicating that HSA is also present in the stratum corneum. This supports the interpretation of the findings that Ni 2+ is truly localized to the stratum corneum, and is not only detectable in the stratum corneum because of complex binding to carrier proteins such as HSA in the deeper skin layers.
The 3D depth profiling capabilities of the MSI methods also provide insights into the sample depth distribution of compounds in the analysed tissue sections. When comparing the distribution of different compounds in the sample depth of a material, one has to be aware of the risk of preferential sputtering of compounds with different physical properties (30) , but the results indicate that we can obtain quality data on the distribution of compounds within a standard 10-m-thick tissue section. An interesting effect here is the localization of the PC headgroup to the very surface of the tissue section. This effect could result from relocalization of the phospholipids to the surface of the skin section, either during sample preparation or later during the MSI analysis and exposure of the sample to vacuum. A similar lipid localization effect has been reported previously for other lipids such as cholesterol (31) , but cholesterol remains unaffected here, and the distribution of Ni + appear to be consistent throughout the whole sample depth of the stratum corneum.
Another advantage of using MSI for skin penetration studies is the inherent capability of simultaneous analysis of haptens and other important biomarkers, such as lipids. Here, we detected interesting changes in the nickel sulfate-treated sample, whereby several lipid species in the mass range 400-700 m/z, such as [PC32:0 + Na] + , showed lower intensities than in the control. Further studies are needed to determine whether this is a real physiological effect caused by the nickel sulfate exposure, or whether it is merely a matrix effect affecting the ionization of lipids in the exposed sample (32) . Even though it is not clear how this putatively modified lipid composition is related to the actual nickel exposure, the observations provide support for the sensitivity of the technique in detecting an altered biomolecular composition, and this should be the subject of further studies.
It was further observed that the control samples were more hydrated than the nickel-exposed samples, probably because of the osmotic effect. As the ToF-SIMS technique prevents the use of conventional tissue embedding such as OCT (33, 34) , the sectioning is more prone to artefacts, so normalization of the total ion count is important. The conditions for exposure and sectioning methods to create reproducible samples constitute a subject for further study.
Conclusions
Taken together, the findings of this study show the feasibility of ToF-SIMS as a tool for tracing the distribution of nickel ions in human skin exposed ex vivo. The results show accumulation of nickel in the stratum corneum and the upper parts of the epidermis. To the best of our knowledge, this is the first time that this technique has been applied to track hapten exposure and that a proof of principle of this approach has been supplied; in future, this approach can be expanded for investigation of the skin distribution of sensitizers in general. Figure S1 . ToF-SIMS positive ion mode mass spectra comparing control (green) and nickel sulfate-exposed skin tissue (blue). Figure S2 . ToF-SIMS positive ion mode mass spectra comparing control (blue) and nickel sulfate-exposed skin tissue (red) showing the peak for Ni + in the nickel sulfate-exposed tissue. Intensity scale in logarithmic scale to allow visualization of the Ni + peak. 
